The vase life of cut flowers is one of the most important breeding targets in ornamentals; therefore, we started a research breeding program in 1992 to improve the vase life of carnation (Dianthus caryophyllus L.) flowers by means of conventional breeding techniques. Crossings and selections of six generations were effective to improve vase life. The mean vase life was 7.4 days for the initial parental generation derived from crossing six parental cultivars; in contrast, after six cycles of crossing and selection, it was improved to 15.9 days, resulting in a net increase of 8.5 days. Moreover, the significant increase of 0.9 days in mean vase life was observed from the fifth to sixth generations, indicating that the breeding progress of flower vase life was continuing in the sixth generation. We selected two ethylene-resistant lines (203-42S and 204-41S) in the fifth generation. The response time to 10 µL·L −1 ethylene was 23.0 h for line 203-42S and 34.2 h for 204-41S, whereas that of a control cultivar, 'White Sim' was 7.6 h. The mean vase life of the 18 selected sixth-generation lines ranged from 15.5 to 32.7 days (between 258% and 536% the value of 'White Sim'). In particular, line 532-6 with an ultra-long vase life showed the longest vase life among all cultivars and lines; the mean vase life of line 532-6 was 32.7 days in 2007 and 27.8 days in 2008 (536% and 463% the value of 'White Sim', respectively) at 23°C and 70% RH under a 12-h photoperiod, without chemical treatment. Closer observation of petals during senescence showed that line 532-6 was characterized by a lack of brownish discoloration of petals, which was a senescence symptom of other selected lines with low ethylene production, when the flower lost its ornamental value.
Introduction
Carnation (Dianthus caryophyllus L.) is one of the three major floricultural crops in the world along with chrysanthemum and rose. At present, the world's major production areas are cool highlands with suitable climates for carnation growth, such as Colombia and China (Onozaki, 2006) . The amount of cut carnations imported into Japan from these two countries had increased steadily each year. Of cut carnations sold in Japan, 46.2% were imported in 2010 (MAFF, Statistics of Agriculture, Forestry and fisheries (2010), http:// www.maff.go.jp/j/tokei/pdf/sakutuke_kaki_10.pdf); therefore, breeding of high-value-added or distinctive cultivars is required in order to overcome imported carnations for Japanese growers.
In ornamentals, the vase life of cut flowers is one of the most important characteristics that determine their quality and their ability to satisfy consumer preferences, thus stimulating repeated purchasing. Carnation flowers are highly sensitive to ethylene (Woltering and Van Doorn, 1988) , which induces autocatalytic ethylene production and wilting in carnation petals (Halevy and Mayak, 1981) ; hence, ethylene is an important determinant of flower vase life of carnation.
Ethylene is an important plant hormone, which is involved in many aspects of plant growth and development, including flower senescence and abscission (Klee and Clark, 2004) . Senescence of carnation flowers is normally characterized by a climacteric rise of ethylene production; that is, by a surge in ethylene production followed by a decline (Mayak and Tirosh, 1993) . The increase in ethylene production is associated with the development of in-rolling and subsequent wilting in flower petals (Halevy and Mayak, 1981) .
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Recent studies on senescing carnation flowers revealed that petal senescence is triggered by ethylene produced from the gynoecium during natural senescence (Shibuya et al., 2000; Satoh, 2011; Satoh et al., 2005) .
Although the vase life of carnations is about 5 to 7 days in ordinary cultivars, it can be significantly extended by treatment with post-harvest chemicals, which are mainly categorized into two groups. One group consists of inhibitors of ethylene production, such as aminooxyacetic acid (Fujino et al., 1980) , aminoethoxyvinyl glycine (Baker et al., 1977) , and αaminoisobutyric acid (Onozaki and Yamaguchi, 1992; Onozaki et al., 1998) ; the other includes inhibitors of ethylene action, such as silver thiosulfate (STS) (Veen, 1979) , 2,5-norbornadiene (Sisler et al., 1983; Wang and Woodson, 1989) , and 1-methylcyclopropene (Serek et al., 1995) . Of these, the most common chemical is STS, which has become widely used for carnation. STS is generally applied as a pretreatment solution to cut flowers by carnation growers. The persistence and mobility of STS allows very short pulse treatments; however, concerns about environmental contamination by waste STS solutions have increased in recent years (Klee and Clark, 2004) and STS has already been prohibited in several countries (Serek et al., 2007) . Silver ions are very hard to remove from the environment, and at high concentrations can cause health problems if not handled correctly (Chandler, 2007) . In addition, use of chemicals incurs a cost for the grower, because purchase of chemicals and additional labor time is required to treat the flowers; therefore, alternative methods for improving the vase life of carnations are expected to be developed.
It would be desirable to improve the vase life of carnation flowers genetically, since the improved cultivars would require no chemical treatment to attain longer vase life. Therefore, a research breeding program was started by Japan's National Institute of Floricultural Science (NIFS) in 1992 to improve the vase life of carnation flowers by means of conventional crossbreeding techniques (Onozaki et al., 2001) . We repeatedly crossed and selected promising progenies for four generations, from 1992 to 2004 (Onozaki et al., 2001 (Onozaki et al., , 2006b . Two cultivars, 'Miracle Rouge' and 'Miracle Symphony', with a genetically determined long vase life, were developed in 2005 (Onozaki et al., 2006a) . They had vase lives of 17.7 to 20.7 days (3.2 to 3.6 times the vase life of the 'White Sim' cultivar) at 23°C and 70% RH under a 12-h photoperiod. Their flowers produce a very small amount of ethylene during senescence (Onozaki et al., 2006a) , and their long vase life is correlated with the low expression of 1aminocyclopropane-1-carboxylic acid (ACC) synthase and ACC oxidase genes (DC-ACS1, DC-ACS2, and DC-ACO1) in the gynoecium and petals (Tanase et al., 2008) ; however, their initial ethylene sensitivity is generally equal to that of normal, ethylene-sensitive Sim-type cultivars (Onozaki et al., 2006a) .
In previous papers, we described the development of many carnation lines with increased vase life as a result of reduced ethylene biosynthesis or sensitivity by means of crossing and selection until the fourth generation (Onozaki, 2008; Onozaki et al., 2001 Onozaki et al., , 2006b . In this paper, we report the results of further crossing and selection over two generations to improve the vase life of carnation flowers by using our previously selected lines as parental material. As a result, we succeeded in improving the flower vase life of carnation further, and selected two new ethylene-resistant lines and a new innovative line 532-6 with ultra-long vase life. We also investigated ethylene production and sensitivity in selected fifth-and sixth-generation lines with a long vase life.
Materials and Methods

Crossing and selection
We chose six commercial standard carnation (D. caryophyllus) cultivars with large differences in vase life for initial breeding materials: four Mediterraneantype cultivars ('Pallas', 'Sandrosa', 'Candy', and 'Tanga') and two American Sim-type cultivars ('White Sim' and 'Scania') (Onozaki et al., 2001) . In spring 1992, crosses were made among these cultivars. We then crossed and selected promising progenies with long vase life for seven generations, from 1992 to 2008, in order to improve the vase life of carnation flowers. In previous studies, we described the breeding process from the parental generation until the fourth generation from which we selected 28 fourth-generation lines with a long vase life (Onozaki et al., 2001 (Onozaki et al., , 2006b ). These 28 lines were used as parental stocks for further cross breeding.
In the spring of 2002, 2003, and 2004 , we crossed 23 out of these 28 lines. All seeds obtained from the crosses were sown on 19 June 2002 , 14 July 2003 , or 30 June 2004 and were grown. Progenies that did not flower until 30 April 2003 , 12 May 2004 , or 5 May 2005 (the last day of our evaluation) were discarded. We called 368 progenies that flowered the fifth generation. In June 2003 June , 2004 June , and 2005 , we selected 58 progenies with the longest mean vase life (≥18.0, 18.3, or 17.5 days, respectively) and multiplied them vegetatively. In , 2005 , we further selected 19 lines out of the 58 progenies with the longest mean vase life (the selected fifth-generation lines).
In the spring of 2005 and 2006, we crossed 13 out of the 19 lines. All seeds obtained from the crosses were sown on 30 June 2005 or 30 June 2006 and were grown in a greenhouse. Progenies that did not flower until 12 May 2006 or 6 May 2007 (the last day of our evaluation) were discarded. We called 198 progenies that flowered the sixth generation. In June 2006 or June 2007, we selected 54 progenies with the longest mean vase life (≥17.3 or 17.0 days) and multiplied them vegetatively. In 2007 and 2008, we further selected 18 lines out of the 54 progenies with the longest mean vase life (the selected sixth-generation lines).
Vase life evaluation
Carnation cultivars or lines were grown in the greenhouse following standard production methods (Onozaki et al., 2006a) and harvested at the floweropening stage (i.e., when the outer petals were horizontal). Stems of the freshly harvested flowers were cut to 50 cm, and the two or three lowest pairs of leaves removed. The flowers were then placed in 4-L jars containing about 1 L distilled water. The water was replaced every 3 or 4 days.
The vase life of each flower was determined by the number of days from harvesting until the petals showed in-rolling or browning and otherwise lost their ornamental value. Flowers were evaluated daily in an inspecting room [23°C, 70% RH and 12-h photoperiod (08:00 to 20:00 h) provided by cool fluorescent lamps (10 μmol·m −2 ·s −1 irradiance)].
In the seedling trials, all harvested flowers were evaluated for vase life. Mean vase life between fifth and sixth generations was compared using Student's t-test. For each selected line and cultivar, 9-11 flowers were cut, and the mean vase life was determined (clonal test). The vase life of 19 selected fifth-generation lines, highly ethylene-sensitive line 004-19 and five control cultivars ('White Sim', 'U Conn Sim', 'Francesco', 'Sandrosa', and 'Chinera') was evaluated in 2005 and 2006, and that of 18 selected sixth-generation lines and four control cultivars ('White Sim', 'Sandrosa', 'Miracle Rouge', and 'Miracle Symphony') was evaluated in 2007 and 2008.
Video evaluation of ethylene sensitivity
Ethylene sensitivity was measured using a time-lapse video recording system at 10 μL·L −1 ethylene concentration at 23 ± 1°C in a 50-L acryl chamber, as described previously (Onozaki et al., 2004) . On day 0, the stems of freshly harvested flowers were cut to 20 cm and held individually in 100-mL Erlenmeyer flasks containing distilled water. The relative humidity in the chamber was kept between 40% and 60% by placing about 100 g silica gel. When flowers with low sensitivity (namely line 204-41S and 203-42S) needed to be exposed to ethylene for more than 24 h, the ethylene-containing air in the chamber was renewed 24 h after the start of treatment to avoid marked changes in the gas composition. The time to the onset of petal in-rolling was determined by fast-forwarding the image data files. This method gave a response time of 6 to 7 h for Sim-type cultivars, such as 'White Sim', 'U Conn Sim', and 'Nora' (Onozaki et al., 2004) . Data are presented as the means ± SE of 5 or 6 flowers.
Measurement of ethylene production from whole flowers at senescence, after ethylene treatment or after ACC treatment It is well known that the maximum ethylene production in carnation flowers is detected at the onset of senescence symptoms (Bufler et al., 1980; Lawton et al., 1989) . To compare the ethylene production of a large number of materials during flower senescence, measurements were taken when senescence symptoms first appeared. Flowers of three cultivars and 19 selected fifth-generation lines shown in Figure 3 were harvested at the stage of flower opening described above and their stems trimmed to 5 cm and placed individually in a test tube containing distilled water. Flowers were held under the condition described above until petals showed inrolling or browning and lost their ornamental value. When senescence was first observed, individual flowers were weighed (fresh weight), then enclosed in a 148-mL glass jar and held at 23°C. After incubation for 1 or 2 h, a 0.5-mL sample of the headspace gas was withdrawn and injected into a gas chromatograph (model GC-13A, Shimadzu, Kyoto, Japan) equipped with an alumina column and a flame ionization detector to determine ethylene concentration.
To investigate the cause of ultra-long vase life, we measured ethylene production from whole flowers at senescence, after ethylene treatment, and after ACC treatment in four cultivars and 18 selected sixthgeneration lines shown in Figure 6 . Ethylene production at senescence was measured as mentioned above.
Measurements of autocatalytic ethylene production were carried out using flowers on day 0 treated with ethylene at 2 μL·L −1 for 16 h at 23 ± 1°C in a 50-L chamber. After ethylene treatment, flowers were left for 8 h at 23°C and 70% RH and exposed to fresh air. The flowers were then individually enclosed in a 148-mL glass jar and held at 23°C. After 1-h incubation, a 0.5-mL sample of the headspace gas was withdrawn and analyzed for ethylene concentration as above.
ACC is the immediate precursor of ethylene in higher plants (Abeles et al., 1992) . We measured ethylene production after ACC treatment. Flower stems on day 0 were cut to 5 cm. The stem end of flowers was placed individually in a test tube containing 0.3 mM ACC solution for 24 h under the condition described above. The flowers were then individually enclosed in a 148-mL glass jar and held at 23°C. After a 1-h incubation, a 0.5-mL sample of the headspace gas was withdrawn and analyzed for ethylene concentration as above. All data of ethylene measurement were presented as the means ± SE of five or six flowers.
Measurement of ethylene production from petals and gynoecium at senescence, and after or without ethylene treatment On day 0, freshly harvested flowers of 'White Sim', 'Francesco', and line 204-41S and 203-42S were cut to 20-cm stem length and placed individually in 100-mL Erlenmeyer flasks containing distilled water. The flowers were exposed to either 0 or 2 μL·L −1 ethylene for 16 h at 23 ± 1°C in the 50-L chamber. After treatment, the flowers were left for 8 h at 23°C and 70% RH. The flowers were then separated by hand into the gynoecium (ovary plus styles) and petals. The gynoecium and the two outer petals of each flower were respectively enclosed in 7-mL glass jars and incubated at 23°C. After 30-min incubation, a 0.5-mL sample of the headspace gas was withdrawn and analyzed for ethylene concentration as above. Ethylene production at senescence was measured when senescence symptoms first appeared as mentioned above. Data are presented as the means ± SE of five or six flowers.
Measurement of morphological characteristics and yield
Four flower characteristics (plant height, flower diameter, number of petals, and petal thickness) were measured, as described previously (Onozaki et al., 2011) . containing andosol soil in the greenhouse at a planting density of 47 plants·m −2 (10 × 20 cm spacing). Plants were single-pinched above the fourth or fifth leaf pair from the bottom three weeks after planting. After that, plants were grown as described previously (Onozaki et al., 2011) . Yield data were collected from planting until 31 May of the following year and yield was calculated as the number of cut flowers per plant.
Statistical analyses
The results shown in Tables 1, 2 and Figures 3 , 4, 6 were analyzed with SPSS Base for Windows Version 10.0J (SPSS Inc., Chicago, USA) using Tukey's honestly significant difference test (P < 0.05).
Results
Crossing and selection
The frequency distributions for vase life in the fifth and sixth generations were continuous normal distributions, ranging from 7 to 30 days and from 8 to 31 days, respectively (Fig. 1) . The mean vase life of flowered 368 lines in fifth generation was 15.0 days and that of flowered 198 lines in the sixth generation was 15.9 days; therefore, the mean vase life of the population significantly increased 0.9 days from the fifth to sixth generation (P < 0.01). The frequencies of flowers with superior vase life (11 days or more) were 90.8% and 94.4% in the fifth and sixth generations, respectively. Five (1.4%) and three (1.5%) lines showed ultra-long vase life (more than 25 days) in the fifth and sixth generations, respectively.
Vase life of cultivars and selected fifth-generation lines
The five cultivars and 20 selected lines exhibited a wide range of variation in the mean vase life ( Table 1) . The mean vase life of 'White Sim', the control cultivar in many studies of flower senescence in carnation, was 5.3-5.9 days, whereas those of selected fifth-generation lines were 1.9-3.8 times longer than 'White Sim' in two independent experiments. 'White Sim', 'U Conn Sim', 'Francesco', and 'Chinera' showed typical ethylenedependent senescence symptoms (i.e. petal in-rolling and rapid wilting of whole petals). On the other hand, 'Sandrosa' and 20 selected lines did not show petal inrolling or rapid wilting at senescence. Instead, these flowers faded and showed brownish discoloration and desiccation of the petals. All selected lines showed significantly longer vase life than 'White Sim'. The mean vase life of line 321-10 in 2005 and that of line 320-41 in 2006 exceeded 20 days.
Ethylene sensitivity and ethylene production in the selected fifth-generation lines There were large differences in ethylene sensitivity among the five cultivars and 20 selected lines (Table 1 , Fig. 2 ). Line 004-17, which was derived from the third generation in our breeding materials (Onozaki et al., 2006b) , was highly sensitive, with rapid wilting; its response time to ethylene was 4.4 h (Fig. 2) . 'White Sim', 'U Conn Sim', 'Francesco', and 'Sandrosa' were sensitive, with response times of 6.4 to 8.2 h. The response time of 'Chinera', known for its low ethylene sensitivity (Wu et al., 1991) , was 13.6 h. In selected fifthgeneration lines, the response times of two lines 203-42S and 204-41S exceeded 20 h, whereas that of the remaining 17 lines ranged from 6.0 to 11.2 h (Table 1) .
'White Sim' and 'Francesco' evolved a large amount of ethylene at early senescence, whereas 'Sandrosa', which lacks a climacteric ethylene response (Mayak and Tirosh, 1993), showed low ethylene production ( Fig. 3) . The 19 selected lines showed significantly lower ethylene production than 'White Sim' and 'Francesco'.
Ethylene production from petals and gynoecium in the two ethylene-resistant lines In two ethylene-resistant lines, we measured ethylene production from petals and gynoecium. Ethylene production at senescence of petals and gynoecium in 'White Sim' and 'Francesco' was higher than that of ethylene-resistant lines (Fig. 4A, B ). Exogenous ethylene induced autocatalytic ethylene production in both petals and gynoecium of line 203-42S ( Fig. 4C, D) , although the petals did not show in-rolling and wilting symptoms. Autocatalytic ethylene production of line 204-41S was significantly lower than that of 'White Sim' and 'Francesco' in both petals and gynoecium. In particular, in the gynoecium of 204-41S, there was no difference between control and ethylene treatment, indicating no autocatalytic ethylene production.
Vase life and ethylene sensitivity of cultivars and selected sixth-generation lines
The length of flower vase life differed markedly among the four cultivars and 18 selected sixth-generation lines ( Table 2 ). The mean vase life of 'White Sim' was 6.0-6.1 days, and those of 'Miracle Rouge' and 'Miracle Symphony', our bred cultivars with long vase life (Onozaki et al., 2006a) , were 16.0 to 20.2 days. The mean vase life of the 18 selected sixth-generation lines ranged from 15.5 to 32.7 days (2.6-5.4 times the vase life of 'White Sim'). As well as the selected fifthgeneration lines, all selected sixth-generation lines showed significantly longer vase lives than 'White Sim'. The mean vase life of eight lines exceeded 20 days in two independent experiments in 2007 and 2008. In particular, line 532-6 showed the longest vase life among all cultivars and lines. The mean vase life of line 532-6 was 32.7 days in 2007 and 27.8 days in 2008 or 536% and 463% the value of 'White Sim', respectively, without chemical treatment (Table 2) . We defined this phenom- Table 1 . Flower vase life and ethylene sensitivity of control cultivars, highly ethylene-sensitive line, and selected fifth-generation lines.
Values are the means ± SE. n, number of flowers tested. z Flower vase life was evaluated at 23°C and 70% RH under a 12-h photoperiod. y Cut flowers on day 0 were exposed continuously to 10 µL·L −1 ethylene at 23 ± 1°C. Experiment was conducted in 2006.
x %, percentage of the value of the control cultivar, 'White Sim'. Values with different letters indicate significant differences at P < 0.05 by Tukey's HSD test. enon as "ultra-long vase life". The petals of selected lines except 532-6 started browning from their edges, then slowly desiccated and faded when the flowers lost their ornamental value. On the other hand, line 532-6 showed no brownish discoloration (Fig. 5E ). Petals gradually lost inner water, and wrinkled slowly, finally losing their ornamental value. The mean response times to ethylene were 5.5-9.4 h in the 18 selected sixth-generation lines ( Table 2 ). There were no ethylene-resistant lines in the selected sixthgeneration lines.
Ethylene production from whole flowers at senescence, after ethylene treatment or after ACC treatment in selected sixth-generation lines At senescence, 'White Sim' evolved a large amount of ethylene, whereas 'Sandrosa', 'Miracle Rouge', 'Miracle Symphony', and the 18 selected sixthgeneration lines produced a significantly small amount of ethylene (Fig. 6A ). There were marked differences in autocatalytic ethylene production among the four cultivars and 18 selected lines (Fig. 6B) . 'White Sim', 'Sandrosa', and line 533-1 produced a large amount of ethylene, whereas line 535-23 and 538-37 only a little after ethylene treatment. There were large differences in ethylene production after ACC treatment among the four cultivars and 18 selected lines (Fig. 6C) ; 'White Sim', 'Sandrosa', and line 533-1 produced abundantly, but line 538-37 only a little.
Morphological characteristics and yield in selected lines with long vase life
The 19 selected fifth-generation lines had four different phenotypes in flower colors (red, pink, orange with red stripes, and yellow with pink stripes) (Table 3) , whereas there were only two phenotypes (red and pink) in 18 selected sixth-generation lines (Table 4 ). Flower colors of ethylene-resistant lines 204-41S and 203-42S were yellow with pink stripes and orange with red stripes, respectively. The flower diameter of selected fifth-and sixthgeneration lines ranged from 5.0 to 6.4 cm (Table 3) and from 5.0 to 6.0 cm (Table 4 ), respectively; that of 532-6 with ultra-long vase life was 5.7 cm (Table 4), whereas that of 'White Sim' and 'Sandrosa' was 6.8-6.9 cm and 6.3-6.4 cm, respectively. The yield of selected fifth-and sixth-generation lines ranged from 1.6 to 5.9 cut flowers per plant (Table 3 ) and from 1.6 to 4.4 cut flowers per plant, respectively (Table 4 ). The yield of three lines (203-42S, 337-45, and 538-37) Correlations between six characteristics were calculated using the data in Tables 3 and 4 . Significant correlations were found between vase life and two morphological traits (flower diameter and petal thickness) (Tables 5 and 6 ). There was no significant correlation between vase life and yield.
Discussion
We started a research-breeding program in 1992 using six cultivars ('Pallas', 'Sandrosa', 'Candy', 'Tanga', 'White Sim', and 'Scania') as parental plants. The mean vase life of the six parental cultivars ranged from 5.4 Table 5 . Correlation coefficient matrix between six characteristics in control cultivars and selected fifth-generation lines.
Correlations were calculated using the data in Table 3 . **, *: Significant at 1% and 5% levels, respectively. Table 6 . Correlation coefficient matrix between six characteristics in control cultivars and selected six-generation lines.
Correlations were calculated using the data in Table 4 . **, *: Significant at 1% and 5% levels, respectively. (Onozaki et al., 2001) . We then repeatedly crossed and selected promising progenies for seven generations based on the flower vase life, from 1992 to 2008. In this process, we selected lines with a long vase life in each generation for use as breeding materials for the next generation. Plants were not selected for ethylene production or sensitivity, but on the vase life of flowers. The rate of flowers with a vase life superior to those of 'Sandrosa' (11 days or more) were 6.7% in the parental generations, but rose to 90.8% and 94.4% in the fifth and sixth generations, respectively (Fig. 1) . Thus, the trait of flower vase life in carnation showed a high rate of transgressive segregation in later generations.
To the best of our knowledge, long-term selection experiments of internal specific characteristics, such as flower vase life, as in this study, have not been reported in ornamental breeding. The frequency distributions for vase life in the parental, first, second, third, and fourth generations showed continuous normal distributions (Onozaki, 2008; Onozaki et al., 2001 Onozaki et al., , 2006b , and that of fifth and sixth generations showed the same tendency (Fig. 1) . All selected fifth-and sixth-generation lines with long vase life showed extremely low ethylene production at senescence ( Figs. 3 and 6A ) and showed significantly longer vase life than 'White Sim' (Tables 1  and 2 ). Furthermore, two lines in the fifth generation were less sensitive to ethylene (Table 1, Fig. 2) . These results indicate that the vase life of carnation is a polygenic trait, and is mainly controlled by several genes related to ethylene production and ethylene sensitivity. Thus, many carnation lines with genetically long vase life could be developed using conventional crossbreeding techniques.
The mean vase life of the initial parental generation derived from crossing six cultivars was 7.4 days (Onozaki et al., 2001) ; in contrast, after six cycles of crossing and selection, the mean vase life of the sixth generation had improved to 15.9 days (Fig. 1) , resulting in a net increase of 8.5 days. Moreover, a significant increase of 0.9 days in mean vase life was observed from fifth to sixth generations, indicating that breeding progress for flower vase life continued after six cycles of crossing and selection.
Cultivars with low ethylene sensitivity are of great value in carnation breeding to improve vase life (Woltering et al., 1993; Wu et al., 1991) . In particular, it is effective to preserve the quality of cut flowers in ethylene-polluted environments (e.g., during storage and transportation). In this study, we selected two ethyleneresistant lines in the fifth generation. Line 203-42S produced a large amount of ethylene after ethylene treatment in petals and the gynoecium (Fig. 4C, D) , indicating that ethylene receptor genes for autocatalytic ethylene production function normally. On the other hand, another ethylene-resistant line 204-41S showed very low ethylene production at senescence (Fig. 4A, B) , and significantly lower autocatalytic ethylene production than 'White Sim' and 'Francesco' in both petals and the gynoecium (Fig. 4C, D) . Further research on the gene expression of ethylene receptor in these two lines is needed to determine the signal transduction of ethylene.
In previous studies, we selected the ethylene-resistant line 64-54 from the second generation (Onozaki et al., 2001) . Furthermore, we selected 10 ethylene-resistant lines by crossing using line 945-15 (male parent of 64-54), 64-56 (full-sib line of 64-54), etc. Our results suggested that ethylene resistance was inherited in a recessive manner . Cross combination of line 204-41S and 203-42S is line 014-19 × 018-21 and line 018-21 × 014-19, respectively (crossing data not shown). Thus interestingly, ethyleneresistant lines 204-41S and 203-42S were derived from reciprocal crosses between two selected fourthgeneration lines, 014-19 and 018-21. The response time to 10 μL·L −1 ethylene was 14.0 h for line 014-19 and 12.8 h for line 018-21 (data not shown), which were classified as moderately sensitive based on our criteria for the degree of ethylene sensitivity . These results suggested that line 014-19 and 018-21 carried recessive genes responsible for ethylene resistance in the heterozygous state.
The vase life of line 204-41S and 203-42S ranged from 10.9 to 15.2 days under the present conditions. In the previous study, we selected 11 ethylene-resistant lines with a vase life ranging from 7.6 to 12.7 days (1.4-2.3 times that of 'White Sim') . Thus, ethylene-resistant lines did not have such an extremely long vase life in comparison with other selected lines. To resolve this problem, additional crosses are currently being made between selected lines with an extremely long vase life and ethylene-resistant lines.
Flower colors of line 204-41S and 203-42S (Fig. 2 ) were yellow with pink stripes and orange with red stripes, respectively. All 13 ethylene-resistant lines we have selected to date, including 204-41S and 203-42S in this study, have a yellow or orange tint in their flower ground colors and their petals had pink or red stripes without exception. In a previous study, a pot carnation cultivar 'Orange Duo', which has orange flowers with red flecks, showed the longest response time to 10 μL·L −1 ethylene (response time was 16.1 h) among 42 cultivars (Onozaki et al., 2009) . Yellow or orange flower color with variegation of the carnation petals resulted from the synthesis and accumulation of chalcone 2'-glucoside and production of the pigment needs the disruption of chalcone isomerise (CHI) activity by a transposable element, dTdic1 (Itoh et al., 2002; Okamura et al., 2006) . Okamura et al. (2006) reported that the pot carnation cultivar 'Orange Duo' had homozygous defective CHI genes with dTdic1. Further studies are needed to clarify the relationship among ethylene resistance, flower color, and the transposable element.
In this study, we selected line 532-6 with ultra-long vase life, 27.8 to 32.7 days (4.6 to 5.4 times the vase life of a standard cultivar, 'White Sim'). Flower vase life of several tested cultivars and lines, including line 532-6, exhibited relatively large annual variation (Tables 1 and 2) . Despite this, line 532-6 showed significantly longer vase life than 'Miracle Rouge' and 'Miracle Symphony' (Table 2) , which are our bred cultivars with long vase life (Onozaki et al., 2006a) , in two independent experiments in 2007 and 2008. This result clearly indicates that the ultra-long vase life of this line is not environmental but genetic.
Ethylene production at senescence in line 532-6 was extremely low (Fig. 6A) ; however, after ethylene treatment or ACC treatment, this line produced ethylene at the same level as 'Miracle Rouge' (Fig. 6B, C) . As the response time to 10 μL·L −1 ethylene on day 0 of line 532-6 was 6.4 h (Table 2) , initial ethylene sensitivity of this line was almost the same as that of four control cultivars.
Senescence symptoms of normal cultivars like 'White Sim', 'U Conn Sim', and 'Francesco' are petal in-rolling and rapid wilting, which are well-known characteristics of ethylene-dependent senescence in carnation flowers (Iwazaki et al., 2004; Otsu et al., 2007; Satoh, 2011) . On the other hand, 'Sandrosa', our selected lines, 'Miracle Rouge' and 'Miracle Symphony' with low ethylene production at senescence did not show petal in-rolling and rapid wilting at senescence when the flower lost its ornamental value, but faded and turned brown from the petal edges. Otsu et al. (2007) called this ethylene-independent senescence in order to distinguish from typical ethylene-dependent senescence symptoms (i.e. petal in-rolling and rapid wilting of whole petals). In this study, we found another senescence pattern in line 532-6 with ultra-long vase life. Closer observation of petals during senescence showed that line 532-6 was characterized by a lack of brownish discoloration of petals when the flower lost its ornamental value (Fig. 5E ). These results indicate that ultra-long vase life in line 532-6 does not result only from extremely low ethylene production, but is probably due to genes that regulate programmed cell death rather than or in addition to those related to ethylene.
In selected sixth-generation lines, we measured three kinds of ethylene production. As a result, selected lines showed various characteristic patterns (Fig. 6) . Line 533-1 showed a high level of ethylene production both after ethylene treatment and ACC treatment, whereas it showed extremely low ethylene production at senescence. Line 535-23 and 538-37 showed an extremely low level of autocatalytic ethylene production. Moreover, line 538-37 showed extremely low ethylene production after ACC treatment. In contrast, line 533-1 produced a very high level of ethylene after ACC treatment. ACC is a direct precursor of ethylene, and ACC oxidase catalyses the reaction from ACC to ethylene (Abeles et al., 1992) ; therefore, extremely low ethylene production after ACC treatment in the flowers of line 538-37 might be attributed to the low activity of ACC oxidase. Although these various characteristic patterns of ethylene production did not link to ultra-long vase life, these lines would be useful in the research of gene analysis for ethylene synthesis and response.
Plant height of 37 selected lines ranged from 77.4 to 125.4 cm (Tables 3 and 4 ). Correlation between vase life and plant height was very low (0.02 and 0.16 in selected fifth-and sixth-generation lines, respectively) (Tables 5 and 6), indicating that the characteristics of long vase life and low ethylene production of flowers in selected lines were not influenced by plant height. As well as plant height, flower diameter is an important trait for commercial production. The flower diameter of selected lines tended to decrease gradually as the generation progressed from fifth to sixth (Tables 3 and 4 ). Measurement results showed a significant negative correlation between vase life and flower diameter (Tables 5 and 6) . Moreover, vase life and petal thickness revealed a significant positive correlation.
In conclusion, we succeeded in improving the flower vase life of carnation further by means of conventional cross-breeding techniques, and selected many lines with significantly longer vase life than 'White Sim'. We selected two ethylene-resistant lines (203-42S and 204-41S) in the fifth generation, and selected line 532-6 with ultra-long vase life in the sixth generation.
We previously reported that extremely low ethylene production during flower senescence in 'Miracle Rouge' and 'Miracle Symphony' was a result of suppressing DC-ACS1, DC-ACS2, and DC-ACO1 expressions (Tanase et al., 2008) . Further research on the regulation of senescence-associated genes involving ethylene biosynthesis genes and ethylene-signaling pathway genes is necessary in order to demonstrate why line 532-6 has the trait of ultra-long vase life and why line 203-42S and 204-41S show ethylene resistance. We are currently conducting further crossings and selections using selected sixth-generation lines for the seventh generation. As line 532-6 has no pollen for crossing, we can use this line only as the seed parent. We plan to accumulate minor genes related to flower vase life, and to further improve the vase life of carnation.
